Assessing the Effects of Cold Storage Regimes of North American Bombus Queens: Long Live the Humble Queen by Lindsay, Thuy - Tien Thai
Utah State University 
DigitalCommons@USU 
All Graduate Theses and Dissertations Graduate Studies 
12-2020 
Assessing the Effects of Cold Storage Regimes of North 
American Bombus Queens: Long Live the Humble Queen 
Thuy - Tien Thai Lindsay 
Utah State University 
Follow this and additional works at: https://digitalcommons.usu.edu/etd 
 Part of the Biology Commons 
Recommended Citation 
Lindsay, Thuy - Tien Thai, "Assessing the Effects of Cold Storage Regimes of North American Bombus 
Queens: Long Live the Humble Queen" (2020). All Graduate Theses and Dissertations. 7961. 
https://digitalcommons.usu.edu/etd/7961 
This Thesis is brought to you for free and open access by 
the Graduate Studies at DigitalCommons@USU. It has 
been accepted for inclusion in All Graduate Theses and 
Dissertations by an authorized administrator of 
DigitalCommons@USU. For more information, please 
contact digitalcommons@usu.edu. 
  1
ASSESSING THE EFFECTS OF COLD STORAGE REGIMES OF NORTH AMERICAN 
BOMBUS QUEENS: LONG LIVE THE HUMBLE QUEEN 
 by  
Thuy - Tien Thai Lindsay  
A thesis submitted in partial fulfillment 
of the requirements for the degree 
of 





D. Karen Kapheim, Ph.D. D. Joseph Rinehart, Ph.D. 
Major Professor Committee Member 
______________________ ____________________ 
D. James Strange, Ph.D. D. Richard Cutler, Ph.D. 
Committee Member Vice Provost for Graduate Studies 





Copyright © Thuy - Tien Thai Lindsay 2020 
All Rights Reserve 
ii
  3
ABSTRACT      
      
Assessing the Effects of Cold Storage Regimes of  
North American Bombus Queens 
by 
Tien Lindsay, Master of Science 
Utah State University, 2020 
Major Professor: Dr. Karen Kapheim 
Department: Biology 
Since the 19th century, humans saw the value of Bombus pollinating services and the 
potential to harness it as a commodity.  Great strides have been made to understand and manage 
the bumble bee life cycle for domestication.  Despite great discoveries and improvements in 
rearing, not all aspects of Bombus are fully understood.  A critical component to successful 
bumble bee rearing includes prolonged cold storage of mated queens, which mimics the 
overwintering phase of the natural life cycle for these temperate bees.  However, captive cold 
storage of North American Bombus yields high mortality and having the capability to increase 
the duration of cold storage would be valuable tool.  It would allow commercial breeders to time 
the production of bee colonies to the needs of the farmers.  Several factors are likely to influence 
survival during cold storage, including body size and colony conditions, but how these 
physiological features interact with storage conditions (e.g., temperature) has never been studied.  
Previous studies in other insects suggest that a daily pulse of increased temperature during cold 
iii
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storage can increase survival over longer periods.  It is also unknown to what degree the optimal 
conditions for successful cold storage conditions are likely to vary across Bombus species, which 
span a broad geographical distribution and are thus adapted to many different environments.  The 
primary objective of this study was to address the high mortality associated with extended 
captive overwintering.  We tested the hypothesis that Bombus queens from three species stored in 
fluctuating thermal regimes (FTR) would have increased survival compared to queens stored in 
static thermal treatments (Control).  We tested this hypothesis in combination with other factors 
likely to influence cold storage success, including initial weight, foundress colony age, and 
geographic distribution. We found that wild queens (B. vosnesenskii and B. huntii) stored in FTR 
had a lower survival response compared to the control. However, in commercial B.impatiens, 
queens had a higher survival response to FTR. The difference in survivorship may be connected 
to the origins, which is linked to their adaptive environment.  Additional observations were also 
made showing that the individual queen's characteristics (initial weight, size, emergence) and 
colony’s senescence were linked with survivability. Results showed that initial weight was a 
significant positive predictor of number of days to survived and linked to post hibernation lipids, 
which serves as an energy reserve while in cold storage.  Even though lipids and weight are 
important factors to cold storage survival, colony senescence also was linked to cold storage 
survival, which influenced initial weight. These results suggest taking a multi-factor approach to 
enable different cold storage methodologies to account for the variability in their physiological 
limitations and climatic origins among Bombus species, which indicates standardizing Bombus 
captive overwintering could be difficult to achieve. Hence, this study provides new insights to 
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exploring nontraditional overwintering methods and has important implications for Bombus 





Assessing the Effects of Cold Storage Regimes of  
North American Bombus Queens 
Thuy - Tien Thai Lindsay 
 Bumble bees (Bombus) provide critical pollination services for wild plants and crops. 
They are generalist pollinators, and do not depend on one singular floral type. Native bumble 
bees are adapted to pollinating many native plants, such as blueberries, squash, and tomatoes.  A 
critical component of bumble bee pollination in the greenhouse tomato industry is the 
domestication of commercially bred colonies.  However, the domestication of Bombus is pretty 
early in its development, and not all aspects of the bumble bee life cycle is fully understood. This 
thesis addresses one of the major obstacles in domestication, which is successful mimicking of 
the overwintering phase of the lifecycle in captivity. Traditionally, captive Bombus queens are 
stored in constant low temperatures for a period of twelve weeks to mimic hibernation.  
However, there is a high mortality associated with this cold storage period, and we are unable to 
replicate wild overwintering durations in captive settings. To address the high mortality, we used 
three North American bumble bee species, stored queens in different cold storage regimes and 
assessed survivability.  Here, we present results that there were other components to consider 
outside of thermal regimes such as initial weight, bumble bee colony age, and queen’s 
geographic origins. We found survivorship varied between wild queens (B. vosnesenskii and B. 
huntii) and commercial queens (B. impatiens). We saw with wild queens survival response was 
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lower in a temperature cycling regime (FTR) compared to static thermal treatments (Control). 
However, in commercial B. impatiens, we saw the opposite outcome in survival, where survival 
response was higher in FTR. The variation in survival outcome may be reflective of their 
geographic differences. Results also suggested that high initial weight prior to cold storage 
determined survival and was linked to post hibernation lipids, which serves as an energy reserve.  
Despite the fact, lipids and weight are important to surviving captive cold storage, colony age 
influenced overwintering fitness.  We have evidence that a queen’s initial weight prior to entering 
captive overwintering, survival, and colony’s age were inter-related.  This study highlights that 
we should take a more comprehensive approach and take into account that overwintering 
treatments alone are not the silver bullet to addressing premature deaths in cold storage.  
Standardizing methods for Bombus cold storage will require careful consideration of the 
interplay between physiological variations, individual queen characteristics, and limitations 
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Background to Bumble Bee Husbandry  
Long Live the Bombus Queen  
Humans have a long history of utilizing bumble bee (Bombus) colonies for their 
pollination services.  In 1885, English colonists deliberately introduced bumble bees to New 
Zealand to pollinate red clover plants used for cattle fodder (Velthius and VanDoorn, 2006; 
Goulson, 2003; Alford, 1969).  New Zealand wild bee populations and managed honey bees are 
poor pollinators of red clover, due to short tongue lengths unable to reach the nectaries deep 
inside the long corollas, which resulted in low visitations from the bees.  Introducing non-native 
Bombus resulted in an improved seed set, which set in motion the many attempts to encourage 
Bombus colony establishments near field plots. This was indicative of the potential researchers 
saw concerning Bombus field application (Velthius and VanDoorn, 2006; Goulson, 2003; Alford, 
1969).     
 As knowledge, understanding, and experience accumulated, the domestication of bumble 
bees came into fruition and provided a way for humans to utilize bumble bees for an efficient 
means to increase the quality and quantity of crops (Buchman and Hurley, 1978; Banda and 
Paxon, 1991).  The innovation of year-round production of bumble bee colonies altered and 
expanded the modern agricultural industry of greenhouse tomato production.  The market value 
for commercial Bombus in North America is approximately $690 million annually based on 
greenhouse tomatoes alone (Strange, 2015; Thornberry and Jerardo, 2012).   With colonies  
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available from commercial Bombus facilities, farmers can synchronize the purchase of Bombus 
colonies with their pollination needs.  In 2006, there were six species and 21 countries 
pollinating 21 commercial high-value crops (Velthuis and van Doorn, 2006). 
 Although managed pollinators provide an invaluable service to our food security, 
transporting and/or importing commercial pollinators to new areas can pose major environmental 
risks.  One primary example is pathogen spillover from managed pollinators to wild populations 
(Strange et al., 2015).  During early commercial development of Bombus occidentalis Greene 
1858 and Bombus impatiens Cresson 1868 as pollinators for use in North America, wild 
collected queens from their native ranges in North America were reared in European facilities by 
the companies that devised domestication.  It is alleged that during their production they were 
fed honey bee collected pollen, which was unknowingly contaminated with a microsporidian 
pathogen Nosema bombi (Microsporidia: Nosematidae) (Velthuis and van Doorn, 2006, Winter et 
al., 2006).  Before reports of an outbreak in disease in B. occidentalis surfaced,  commercially 
produced colonies were utilized for agricultural purposes in their natural ranges until 1998 
(Schmid-Hempel et al., 1998; Winter et al., 2006).  North American western rearing facilities 
were devastated with high levels of N. bombi (Wehling and Flanders, 2005).  This corresponded 
with the increasing reports of N. bombi presence in wild North American B. occidentalis 
populations and the decrease of the bees’ abundance. Soon commercial production became 
unviable and the availability and use of B. occidentalis ceased altogether (Winter et al., 2006).   
 The continued demand for Bombus pollinators by western growers led the United States 
Department of Agriculture Animal and Plant Health Inspection Service (APHIS) to allow limited 
transportation of eastern B. impatiens outside of its range to the western United States (Flanders 
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et al., 2003).   Bombus impatiens and B .huntii (Permitted for Canada) are now the only 
commercially available Bombus species in North America.  Some state governments such as 
Oregon and California, prohibit the use of non-native bumble bees to prevent unintended bee 
introductions and pathogen cross over (Strange, 2015).  For example, non-native B. impatiens 
have escaped greenhouse enclosures and are now established in British Columbia and 
Washington despite the efforts to prevent escape (Looney et al., 2019).  To increase the 
availability of these important pollinators for broad agricultural use throughout North America, 
bumble bee rearing facilities are interested in developing local native species for commercial 
pollination services (Strange, 2015).  Two candidates were B. vosnesenskii Radoszkowsk 1862 
and B. huntii Greene 1860.   
 Preliminary work with these two western bumble bee species were promising (Dogterom 
et al. 1998; Strange 2015).   Bombus vosnesenskii’s geographic range encompasses the far 
western United States and is very abundant in its native area (Koch et al. 2012 ).  Bombus huntii 
is native to the intermountain regions of the western United States (Koch et al., 2018).  Both 
species were tested for their potential to pollinate greenhouse tomatoes and showed promise as 
commercial pollinators (Strange, 2015).  Together, these two species cover the intermountain and 
western region of North America, prompting commercial bumble bee producers to invest in 
efforts to add these two species to their commercial pollinator inventory.   
 One of the main obstacles in year-round mass-rearing of bumble bee colonies is the 
captive overwintering of mated queens.  Unlike perennial honey bee colonies, bumble bees have 
an annual life cycle, which means their colonies are short-lived.  Mated queens emerge in spring 
from their hibernaculum in which they overwinter to initiate a colony of their own (Alford, 
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1969).  In natural conditions, queens have the ability to overwinter from 3 to 9 months depending 
on location and species, which can amount to over 70% of their life span.  While there is the 
general assumption commercial bumble bee growers are able to successfully overwinter mated 
North American Bombus queens in captivity, the exact rearing conditions remain unclear because 
the protocols are unpublished and proprietary (Hughes, 1996; Velthuis and van Doorn, 2006; 
Owen, 2016)  However, from what we are aware of commercial companies have not invested 
much into captive overwintering and experience high mortality of North American Bombus 
queens while in storage for one month.   
Developing novel techniques to address the high mortality associated with traditional 
artificial overwintering methods has multiple purposes.  It has potential to reduce labor costs 
associated with maintaining colonies for the sole purpose of having purchase-ready colonies for 
pollination services. By increasing cold storage duration, this can increase flexibility to spring 
bee management and address farming needs more efficiently.  Instead of caring for whole 
colonies, mated queens can be pulled when necessary to initiate sale-ready colonies.  Also, it can 
aid in institutions dedicated to re-establishing populations and conservation of endangered or 
imperiled Bombus.  For example, female Bombus could be pulled from the wild and stored in a 
overwintering phase in captivity until conditions were suitable for release and repopulation.  
Several researchers and commercial rearing facilities have tried to extend the 
hibernation period of captive bumble bee queens with variable success, depending on species.  B. 
terrestris and B. lapidarius were hibernated at 4 - 5° C with a 71% survival after 8 - 9 months of 
hibernation (Holm, 1962, 1972).  However, only 24% survival was achieved at 6 months with 
B.ignitus (Yoon et al., 2013).  In captivity, replicating the duration of wild North American 
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Bombus diapause beyond three months is difficult to achieve. This three month period is short 
compared to natural conditions and does not fully exploit a Bombus queen’s diapause abilities in 
extended cold conditions.   
 One possibility for improving survival over longer overwintering durations is 
implementing a temperature cycling protocol known as fluctuating thermal regime (FTR). This 
method involves the use of warm intervals to interrupt prolonged cold exposure.  Most cold 
studies with insects use constant low thermal (CLT) regimes because of simplicity and goals for 
standardization.  However, there is reason to believe that more variable temperatures may 
increase survival over long periods. It is well known that insect biology is closely linked to 
environmental temperatures and can respond metabolically to thermal fluctuations.  Temperature 
can effect an insect’s survival, distribution, population dynamics, and physiological responses.  
By exploiting an insect’s close relationship to temperature, we can provoke a physiological 
response to temperature to our advantage and manipulate insect life cycle. 
Insect response can vary greatly to thermal fluctuations depending on taxa and life stage 
implementation.  In acclimation studies in developing fruit flies (Drosphila melanogaster) and 
lycaenid butterflies, thermal tolerance improved more compared with others in constant thermal 
regimes (Colinet et al., 2015; Colinet et al., 2018).  In fire colored beetles (Dendroides 
canadensis), temperature cycling can mitigate the harmful effects of extreme cold stress by 
increasing concentrations of cryoprotectants, which are antifreeze proteins, to improve cold 
tolerance (Horwath and Dunman., 1986).  In Hymenoptera, overwintering survival not only 
improved, but overwintering longevity was extended an additional year for the solitary 
leafletting bee Megachile rotundata (Fabricius, 1787) (Rinehart et al., 2015).  Insect responses to 
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FTRs differed in responses to CLTs for various reasons from survival, stress tolerance, and 
physiology.  The benefits of FTR are not limited to taxa or life stage.  FTR has been proven a 
useful tool to promote insect overwintering survival.   
 My research endeavor was to increase the duration and success of artificial overwintering 
in North American Bombus.  We conducted a study with three species; B. huntii, B. vosnesenskii, 
and commercial B.impatiens.  We compared cold storage methods and the impacts on queen 
survival.  Furthermore, we investigated which factors outside of thermal regimes that would 
influence survival, such as individual queen and colony characteristics.  Until this study, how 
these factors interact with novel thermal storage conditions were unknown.  
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CHAPTER TWO 
Assessing the Effects of Cold Storage Regimes of  
North American Bombus Queens 
Abstract 
Prior to bumble bee (Bombus) domestication, tomato crops required manual vibration to achieve 
pollination.  Like honey bees, bumble bees have been translocated to aid in pollination services 
since they are particularly valuable for greenhouse pollination.  A key part to managing bumble 
bees for commercial pollination is extensive insight on Bombus life cycle. However, not all 
aspects of the life cycle are fully understood.  A major obstacle in rearing bumble bee colonies 
in captivity is mimicking the natural overwintering period.  Traditionally, adult mated Bombus 
queens are stored in a constant low thermal regime, which mimics overwintering prior to colony 
initiation. This is a weak point in the commercial rearing process, because survival rates are low 
during cold storage, particularly over extended periods of time.  To address this issue, we 
compared traditional cold storage methodologies to a daily pulse of warm temperature, a 
practice known as fluctuating thermal regime (FTR). We tested the effects of FTR on queen 
survival and quantified post overwintering lipid content in three species chosen for their 
potential in commercial pollination:  B. vosnesenskii, B. huntii, and commercial B. impatiens. 
We tested the hypothesis that Bombus queens stored in fluctuating thermal treatments would 
have increased survival compared to queens stored in static thermal treatments.  We further 
assessed how factors outside of temperature are likely to influence cold storage survival, which 
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included weight, size, and colony age.  We found that survival response varied among species.  
B. vosnesenskii and B. huntii had a lower survival rate in FTR compared to constant thermal 
regimes.  However, this was opposite to B. impatiens queens, which had a higher survival rate in 
FTR.  We did not observe significant effects of FTR on lipid stores for any species. 
Furthermore, our results revealed cold storage survival increased with increasing initial weight 
prior to entering overwintering treatments.  Moreover, survival decreased with increase in 
colony reproductive age.  This is likely explained by the fact that early emerging queens were 
heavier than later emerging queens.  Our study provides insight into how cold storage conditions 
may interact with colony and queen characteristics to influence overwintering survival.  Our 
findings have economic applications for improving bee rearing, and should be valuable to 
institutions involved in aiding wild declining Bombus populations.   
Keywords:  Bombus,  bumble bee, B. huntii, B. vosnesenskii, B. impatiens, captive 
overwintering, thermal cycling, fluctuating thermal regimes, constant thermal regimes, 
hibernation, FTR, CLT, cold storage, and survival 
Introduction:   
 Growing food demands are resulting in the increasing need for managed pollination 
services.  Several highly valuable crops, such as tomatoes, eggplant, blueberries, and cranberries, 
rely on commercial and wild bumble bees (Bombus) pollination services (Goulson, 2003; 
Heinrich, 2004; Banda and Paxton 1990).  With increased demand on food supply obtaining food 
 9
security and quality requires commercially available bumble bees. While methods for captive 
rearing have been successful for a few species, there are still important parts of the life cycle that 
have yet to be optimized in control settings. One of the most important of these is the 
overwintering period. 
 Most bumble bee species are eusocial and have an annual life cycle. Briefly, each spring, 
a mated queen, who survived the winter, leaves her underground cavity, termed a hibernaculum, 
to initiate a colony of her own. The colony she establishes consists of her daughters (sterile 
workers) and grows throughout the warm season.  In the late phase of the colony cycle, 
reproductives (gynes and males) are produced and depart the colony to mate and then the cycle 
starts anew with a newly mated queen inhabiting a hibernaculum for the winter.  The fate of the 
next generation rests on young mated Bombus queens, who possess a fundamental caste-specific 
ability to diapause for a duration of six to nine months (Alford, 1969).  Diapause, is an 
adaptation to avoid harsh seasons with unfavorable conditions for insect development and 
reproduction.  Diapause is often characterized by behavioral inactivity, decreased metabolism 
and developmental suspension (Denlinger and Lee, 2002).  
 Despite the great strides in Bombus rearing, diapause initiation and cold storage survival 
are difficult to achieve in captive settings. Successful artificial overwintering is a major obstacle 
that many researchers have tried to overcome, with variable success.  If queens are not in a 
metabolically suspended state, captive overwintering survival is low (Fliszkiewicz, 2002; 
Fliszkiewicz, 2007).  The problem is particularly difficult when trying to rear queens collected 
from the wild, as they have especially high mortality during captive overwintering (Bortolotti et 
al., 2016; Beekman et al., 1998; Gösterit and Gürel, 2009).  Bombus terrestris, is the first  
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bumble bee species that have been successfully reared for commercial pollination and the most 
extensively studied Bombus species. This species can artificially hibernate for up to six months 
(Holm, 1965; Holm, 1972; Velthius, 2002). This European species has thus been the focus of 
most of the research on overwintering methods. However, expanding the commercial pollination 
industry requires developing methods for captive rearing of native species from across the globe. 
This requires a more comprehensive understanding of the factors that contribute to overwintering 
survival in additional Bombus species. 
 Researchers have long strived to standardize Bombus rearing practices (Röseler, 1985; 
Sladen, 1912; Velthuis, 2002; Velthuis and VanDoorn, 2006). With standardization comes 
repeatability, maximizing assets, and maintaining quality.  Generally, most rearing studies were 
conducted using B. terrestris while mimicking hibernation by storing queens in cold store at 
constant low temperature (CLT) (Holm, 1965; Holm, 1972; Beekman et al., 1998). Protocols 
using CLT are frequently employed because of its ease of use and the need to compare 
approaches (Colinet et al., 2018). However, a growing body of research in insects suggests that 
CLT may not be the best method for optimizing survival during diapause. For example, the 
maintenance of fruit flies (Drosophila) species under CLT conditions led to reduced lifespan and 
fecundity, as compared to samples stored in temperature cycling regimes (Grumiaux et al., 
2019). There is strong evidence that some insects stored in CLT exhibit early deaths during 
captive overwintering (Monaghan et al., 2009). Prolonged cold exposure can lead to 
physiological damage that accumulates over time, leading to reduced survival (Chown and 
Nicolson, 2004). For example, low temperature stress can alter macromolecular structures, 
energy production, compromise lipid membranes, DNA, proteins, and prohibit normal cellular 
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function (Kostal, 2010; Kostal et al., 2006; Ismail et al., 2013). When thermally sensitive internal 
membrane structures are exposed to low temperatures, they undergo harmful cellular 
modifications and compromise permeability, leading to a decrease in ionic transporting functions 
(Cossins, 1994; Hazel, 1995). Prolonged cold exposure can also severely affect the cell's ability 
to repair. These alterations can result in a downstream of cumulative adverse effects, which can 
lead to the inability to maintain homeostasis (Denlinger and Lee, 2010; MacMillan and Sinclair, 
2011). Based on the evidence of the deleterious effects of CLT, there is an increasing body of 
literature exploring some form of temperature cycling to improve insects' thermal tolerance 
compared to those exposed to constant cold temperature (Casagrande and Haynes, 1976; Meats, 
1976).   
 Temperature cycling (also known as Fluctuating Thermal Regimes (FTR)) represents a 
possible way of mitigating the harmful effects of extended cold exposure with brief periods of 
warm temperature (Colinet et al., 2018, 2015). FTR is characterized by a cold storage 
temperature interrupted periodically by regularly occurring brief periods of warm temperature.  
FTR can induce a metabolic flush to increase antioxidants and aid in cellular regeneration 
(Monaghan et al., 2009).  Pullin and Bale (1989), pioneers of fluctuating thermal studies, 
implemented FTR on overwintering Nymphalidae butterflies  (Aglais urticae and A. Inachis) and 
compared survival.  The response was clear that FTR samples survived longer in captive 
overwintering compared to others stored in CLT. Among this study and others, exposing insects 
to recurrent pulses of warmth not only increased survival rate, but provided physiological 
reprieve from extended cold stress. With darkling beetles (Alphitobius diaperinus), fruit flies (D. 
melanogaster ), and fire bugs (Pyrrhocoris apterus) developing larvae stored under FTR were 
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able to better recover from damaged cellular membranes and reestablish ionic concentrations 
during warm spells in comparison to larvae stored in CLT (Hanc and Nedved, 1999; Renault, 
2011; Colinet et al., 2015). 
 FTR may also mitigate another side effect of extended cold stress - protein unfolding that 
compromises protein structure and impairs metabolic or enzymatic processes to function 
normally (Privalov, 1990; Korsloot et al., 2004).  With Aphidius colemani, a parasitic wasp, 
Aphidius colemani, revealed that beneficial molecular chaperones known as heat shock proteins 
(HSP) aggregate during warm periods following prolonged cold exposure and refold damaged 
proteins (Yocum, 2001; Koštál and Tollarová Borovanská, 2009; Colinet et al., 2010a).  With fire 
bugs and codling moths (Thaumatotibia leucotretae) in FTR and CLT comparative studies, there 
was an increase in molecular chaperones detected in FTR samples at a proteomic and 
transcription level (Colinet et al., 2018).   
The benefits of FTR are reported across six insect orders and suggests FTR benefits 
and survival responses are not limited to specific insects across taxa or distinct life stages 
(Colinet et al., 2015).  To date the largest use of FTR in research settings is maintaining 
D.melanogaster fruit fly stock centers, and a report was submitted by National Institute of Health 
to utilize FTR as a standard component rearing (Javal et al., 2016; Koštál et al., 2016; Colinet et 
al., 2018).   
 There is evidence that these benefits may also apply to bees. So far, FTR has been 
applied to only one bee, M. rotundata, and FTR improved field-release synchronization and 
overall operational efficiency of this managed bee (Rinehart et al., 2013).  Rinehart et al. (2013) 
manipulated M.rotundata (Fabricius, 1787) thermal treatments to extend overwintering 
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longevity, with survival remaining above 75% for up to 15 months of storage. This FTR 
treatment allowed bees to overwinter for nearly two years, though they are typically 
overwintered for one year.  RNAseq results indicated there is an increase in homeostatic cellular 
activity to re-establish normal function to mitigate cold stress effects (Torson et al., 2015).   
 Even though FTR yields better insect survival in many instances, it may lead to negative 
effects in other aspects of life history. In Tortricid moths (Zeiraphera canadiensis) and 
Mediterranean flies (Ceratitis capitata), FTR led to lower fecundity relative to CLT (Takano, 
2014; Carroll and Quiring, 1993; Basson et al., 2012).  In Tephritid flies (Bactrocera latifrons), 
FTR reduced the number of viable eggs (Takano, 2014).  In a parasitoid wasp(A. ervi), FTR had 
reduced survival and longevity (Ismail et al., 2013).  There is some evidence to suggest that 
premature deaths from FTR could be due to a reduction of lipid stores resulting from variable 
temperature in Aglais butterflies (A. urticae and Inachis io) (Pullin and Bale, 1989).  However, 
there have been cases where fat content did not differ significantly between FTR and CLT 
(species here) or where lipid content was higher in FTR than in CLT stored insects (A. irvi ) 
(Hymenoptera: Braconidae) (Ismail et al., 2010).  From these mixed results in insects, it is clear 
that response to FTR during overwintering may be conditional to life phase or species specific. 
Predicting the outcome of FTR treatments requires familiarity of the insect species' physiology 
(Denlinger, 2008) and extensive rearing insights for each species (Leopold and Rinehart, 2010) 
with careful consideration.    
 We investigated the utility of FTR for increasing the efficiency of queen cold storage 
survival in bumble bees. We used a comparative analysis of FTR versus CLT in bumble bees to 
document effects on survival and lipid stores during artificial overwintering, in conjunction with 
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other individual and colony physiological features. We used three Bombus species (B. huntii, B. 
vosnesenskii, and commercial B.impatiens) to test the hypothesis that FTR can prolong 
overwintering duration, and thus increase rearing success in captive bumble bee queens. Bombus 
impatiens is widely commercially available in North America and B. huntii and B. vosnesenskii 
are related species in development for commercial production.  We aimed to: (1) Evaluate the 
effect of FTR on captive overwintering success, (2) quantify and compare lipid loss between 
thermal regimes, (3) analyze body size and mass variation of queens in relationship to 
overwintering survival and, (4) find other predictors outside of a queen's size and mass that were 
associated with survival.  
Materials and Methods:   
Study Organisms  
 We tested the effects of FTR on overwintering survival and lipid loss in three species of 
bumble bees - B. impatiens (2016 and 2019), B. vosnesenskii (2017), and B. huntii (2017).  
Commercial B. impatiens colonies were obtained from Biobest™ (Biobest Group, Ontario, 
Canada). Bombus huntii and B. vosnesenskii colonies were established from wild-caught queens 
and reared in the lab to queen production.  Wild queens of B. huntii (2017) were captured in 
Logan, Utah at 403 m elevation, and B. vosnesenskii (2017) were captured in McKenzie Pass, 
Oregon at 505 m elevation. Upon arrival, founding queens were marked with paint for easy 
identification to avoid confusion among gynes (new queens).   
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Rearing 
 Bombus huntii and B. vosnesenskii colonies were raised from wild caught queens. Live 
wild queens were transferred to individual rearing boxes (dimensions) and maintained in a 
constant temperature, humidity and light controlled rearing room ( 29 ± 1 °C; 55% ± 10% RH, 
constant darkness) at the U.S. Department of Agriculture- Pollinating Insect Research Unit in 
Logan, Utah.  Artificial nectar (Appendix A) consisted of 50% sugar solution with additives 
(sorbic acid to prevent spoilage, Honey B Healthy ® for feeding stimulant, and Amino B Boost a 
supplement of amino acids) and honey bee-collected, sterilized pollen were provided ad libitum 
(Appendix A and B).  Reproductives were removed from their nests, weighed, and placed into 
separate rearing boxes (17.8cm x 15.2cm x 10.1cm) within 48 hours of emergence. Colony 
reproductive age was recorded as the number of days since the onset of the first emergence of 
reproductives in the colony. Five days after removal from the maternal colony, males and new 
queens were placed into mating cages (Bioquip, 39.9cm x 39.9cm x 59.9cm) for seven days with 
a male to female ratio of 2:1 (Amin and Kwon, 2011). Gynes were paired with males from 
different source colonies to avoid mating among siblings.   
  
Thermal Treatments 
 Queens were removed from mating cages after seven days and placed in a 4 °C walk-in 
cold room (SureTemp, 1.8m x 1.8m x 2.1m ) for a 24 - hour transition phase before being 
weighed and placed in individual cardboard boxes (8.3cm x 3.6cm x 3.6cm ) for overwintering in 
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Percival Incubators (model 12L, Percival, Perry, IA) with 60% RH adjusted with saline 
solution.   
Only two incubators were used for all experiments.  One was designated the CLT and the other 
was FTR.  Prior to and during the experiment, temperature monitors (HOBO U23 Pro v2 
Temperature/Relative Humidity Data Logger) were placed in the incubators to monitor 
temperature and humidity as an additional check to ensure incubators performance.  Each queen 
was randomly assigned to an experimental treatment: fluctuating temperature (FTR) (B. huntii n 
= 27, B. vosnesenskii = 32, B. impatiens 2016 n = 66, and B. impatiens 2019 n = 56) or a control 
group (CLT) (B. huntii n = 27, B. vosnesenskii = 31, B. impatiens 2016 n = 65, and B. impatiens 
2019 n = 52) (Table 1). The queens in the CLT were maintained at a constant temperature of 2 
°C. The experimental fluctuating temperature treatment had a base temperature of 2 °C, with a 
daily flux to 20 °C for three hours. In the first hour, the temperature increased from 2 °C to 20 
°C, the second hour maintained 20 °C and the third hour the temperature was reduced back to 2 
°C. All of the queens in the FTR group were kept in the same incubator and all of the queens in 
the CTL group were kept in a different incubator. We systematically checked for dead queens on 
a weekly basis to 160 days. At the end of the experiment, we froze all surviving queens and 
measured the length of the marginal wing cell as a measure of body size for all queens (Owen, 
1998). All queens were weighed and stored at -80 °C until lipid extraction.  
Lipid Extractions 
 We completed lipid extractions for B. huntii 2017 (n = 54) and B. vosnesenskii 2017 (n = 
63). We decided for public and personal safety to postpone B. impatiens 2019 (n = 108) lipid 
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extractions until pandemic restrictions are lifted. Bombus impatiens 2016 (n = 229) samples were 
excluded because the storage of dead queens was not consistent.   
 We followed previously published protocols for lipid extraction and quantification (Bligh 
and Dyer, 1959; Buckner, 2009; Pitts-Singer et al., 2017). We removed dead queens from -80  °C 
in batches of three, randomly from both FTR and CTL groups. Samples were thawed at room 
temperature for 20 min. First, cuticular lipids were removed by gently swirling queens in 15 ml 
hexane for 2 min (at room temperature) followed by a 15 ml hexane rinse for 30 s. After hexane 
rinse, 15 ml chloroform (CHCl3) rinse for 2 min, and quick additional CHCL3 rinse for 30 s then 
the external lipid solvent was then discarded.   
 After cuticle lipids were removed, samples were homogenized for 5 minutes in 20 mL of 
Folsh (2:1 solution of CHCl3: Methanol ) using a glass homogenizer. The homogenized solution 
was transferred to a clean glass container. The homogenizer was rinsed with Folsh, and the rinse 
solvent was transferred to the same container to avoid internal lipid loss. Homogenate was 
filtered into a separatory funnel, and an addition of 2 ml 1M HCL was added to separate lipids 
from the non-lipid substance. Then we vigorously shook the separatory funnel for five reps of 10 
shakes and drew off the CHCL3 (bottom layer) into a clean 100 mL Erlenmeyer flask. We added 
15 mL of CHCL3 into the separatory funnel to remove more of the CHCL3 layer, discard the top 
aqueous layer, and rinsed the separatory funnel with distilled water. After the funnel was rinsed, 
we pipetted the CHCL3 solution from the flask back into the separatory funnel and added 2 mL 
1M HCL and repeated the steps until another CHCL3 layer was drawn out.  
 After removing water from the CHCL3 solution twice, we evaporated the CHCL3 
solution using a Rotovap (Brand and specs) until there was approximately 2 mL left. We 
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transferred the solvent into a pre-weighed scintillation vial and dried the solvent under a steady 
stream of nitrogen. After the solvent dried, we reweighed the vial. The individual lipid 
percentage was determined by (vial + sample)/(vial + lipid).  
Statistical Analysis 
 Statistical analysis was done using R (vX) software (Rcore Team, 2019) .  The two years 
of B. impatiens (2016 and 2019) data were also analyzed separately.  Methods were consistent 
across the two B. impatiens datasets and results were similar across years. We, therefore, 
combined 2016 and 2019 B.impatiens results for analysis (See Table 2).   
 We evaluated the relationship between body size (wing marginal cell length) and initial 
weight using Pearson correlation tests (Venable and Ripley, 2002). Weight and size were 
significantly correlated (B. vosnesenskii R2 = 0.38, p = 0.0016; B. huntii R2 = 0.61, p < 0.001;  B. 
impatiens R2 = 0.56, p < 0.001). Therefore, we retained weight, but not body size, in all further 
analyses.   
 We evaluated the effects of FTR treatment and other physiological covariates on survival 
using three different analyses for each species (Therneau, 2015).  First, we used Kaplan-Meier 
Curves to visualize the effects of FTR treatment on survival with a log-Rank test that was used to 
evaluate mortality rate. Kaplan-Meier curves work with only one categorical predictor, so 
covariates were not included in this analysis (Therneau, 2015).   
 Then we modeled the number of days survived with a generalized linear model fit to a 
Poisson distribution with a log link function (Venable and Ripley, 2002). We included treatment, 
initial weight, and colony reproductive age (measured as days since the start of reproductive 
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emergence) as fixed effects and source colony as a random effect to account for genetic 
similarities among sister queens.  
 Finally, we used the Cox proportional hazards regression analysis to assess the effects of 
the measured predictor variables on hazard risk ratio simultaneously (Therneau, 2015). The 
continuous variables initial weight and reproductive colony age were divided into three 
categories (Initial weight: Low, Middle, Heavy) (Reproductive Colony Age: Early, Middle, Late) 
to observe for differences. We included treatment, initial weight, and colony reproductive age in 
the model. The Control, Low weight, and Early age served as baseline reference to calculate the 
hazard ratio.   
 We also investigated the effects of FTR treatment on lipid stores at the time of death. We 
modeled the lipid quantity with a generalized linear model fit to a Gamma distribution with a log 
link function (Venable and Ripley, 2002). We included treatment, initial weight, and colony 
reproductive age as fixed effects. We dropped source colony from the model because variance 
was close to zero (B. huntii var = 0.000 , B. vosnesenskii var = 5.669 e -12). 
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Tables  
Table 2.1 | Queen Designated Chart 




















B .impatiens 2019 FTR 56
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Table 2.2 | Comparative Results of B. impatiens 2016 and 2019 
Poisson analysis for B. impatiens is separated by year (2016 and 2019) to show these results are 
comparable to one another.  
Poisson GLM with Log Link Function - 2016 
B. impatiens 
 (n = 130)
Estimate Standard 
Error
Z value P value
Intercept 2.035 0.161 12.64 < 2e -16
Treatment FTR 0.145 0.024 6.01 1.85 e -9
Initial Weight 3.383 0.111 30.07 < 2e -16
Colony Reproductive Age -0.012 0.002 -5.96 2.52 e -9
AIC = 2152.6





Z value P value
Intercept 3.049 0.094 32.360 < 2e -16
Treatment FTR 0.110 0.026 4.111 3.95 e -5
Initial Weight 2.452 0.124 19.773 < 2e -16
Colony Reproductive Age -0.008 0.000 -11.596 < 2e -16
AIC = 1932.3
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Results:   
The effect of FTR on survival depends on species   
 Survivorship curves showed that the effect of daily pulses of warm temperatures during 
cold storage on survival varied among species (Fig 2.1 A - C).  FTR significantly improved 
survival for B. impatiens compared to a CLT (Fig 1C)( df = 237,  p <0.001 ).  However, survival 
was significantly reduced in B. vosnesenskii and B. huntii under FTR (Fig 2.1 A and B; B. huntii, 
df = 53, p < 0.001; B. vosnesenskii , df = 62, p < 0.001).  In  B. impatiens, median survival at 80 
d was 45% under FTR.  In contrast,  median survival at 80 d under FTR was only 18% and 29% 
in B. huntii and B. vosnesenskii, respectively.  This difference was even more magnified at 120 
days, where in 91% of B. vosnesenskii and 82% B. huntii in FTR had died, but only 75% of B. 
impatiens queens in FTR had died. None of the B. impatiens CLT queens survived the duration 
of the experiment (160 d) while B. huntii (35%) and B. vosnesenskii (10%) had still few queens 
remaining in the study.  
 We found temperature treatment, initial weight, and colony reproductive age significantly 
influenced the number of days queens survived in cold storage for all three species (GLM: B. 
huntii z = 3.313, n = 54, p < 0.001; B. vosnesenskii z = 8.892 , n = 63, p < 0.001; B. impatiens z 
= 18.842, n = 238, p < 0.001 ). FTR significantly improved survival in commercial B. impatiens 
(n = 238, z = 6.635 , df = 126, p < 0.001), compared to CLT. In contrast, B. vosnesenskii  and B. 
huntii had significantly decreased number of days survived under FTR conditions (B. 
vosnesenskii: n = 63, z = -9.089, df = 31, p < 0.001; B. huntii: n = 54, z = -10.455, df = 26, p < 
0.001; Fig. 2.2). Larger queens had increased overwintering survival in all three species (Fig 2.3) 
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(B. huntii , z = 19.17, df = 53, p = < 0.001; B. vosnesenskii z = 23.58, df = 62,  p < 0.001; B. 
impatiens z = 35.688, df = 237,  p < 0.001).   Across all species, colony reproductive age was a 
significant predictor in overwintering survival (Fig 2.5) (B. vosnesenskii z = -0.40, df = 62 , p < 
0.001; B. huntii z = -0.38, df = 53, p = 0.004;  B. impatiens z = -0.14, df = 237, p = 0.02).  As 
colony aged, queens body weight significantly decreased (B. vosnesenskii t = 1.21, r2 = 0.14, df = 
62 , p  = 0.02; B. huntii t = 4.12, r2 = 0.38, df = 53, p < 0.001;  B. impatiens t = 3.08, r2 = 0.40, df 
= 237, p = 0.0023) (Fig 2.4).   
 Results from the Cox Proportional Hazard analysis revealed that temperature treatment, 
weight, and colony age also significantly influenced mortality risk. In B. huntii and B. 
vosnesenskii, the hazard ratio for FTR was above 1 ( Fig 2.1 A and B) (B. huntii HR = 2.166, p < 
0.0001, B. vosnesenskii HR = 3.485, p = 0.022; Fig. 2.1 A-C), which indicated FTR queens have 
an increased risk of dying compared to CLT. For B. impatiens queens, the hazard ratio for FTR 
was below one, but was not significantly different from the control (Fig 2.1 C) (HR = 0.799, p = 
0.109).   
 As weight increased, the Hazard ratio decreased for all three species, which meant higher 
chances of survival. Regardless of treatment, species, and colony reproductive age categories 
(Fig 2.3), it appeared that heavy queens (H) apparently had a higher advantage in overwintering 
performance (B. vosnesenskii HR = 0.062, df = 13 , p < 0.001; B. huntii HR = 0.035, df = 5, p = 
0.002;  B. impatiens HR = 0.075, df = 35, p < 0.001, Fig 2.3).   
 Hazard ratio also increased with increasing colony reproductive age in B. huntii and B. 
impatiens, which indicated early (E) and middle (M) emerging queens were more likely to 
survive than late (L) emerging queens (E and M < L) (Fig 2.5) (B. huntii HR for L = 2.423, p = 
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0.099, HR for M = 1.355, p = 0.431; B. impatiens HR for L = 1.685, p = 0.003, HR for M = 
1.686, p = 0.011). There was no significant change in hazard associated with colony reproductive 
age for B. vosnesenskii (Fig 2.5) (HR for M = 1.042, p = 0.102, HR for L = 0.458, p = 0.913).  
FTR and Colony Age do not predict Lipid Quantity 
 Due to COVID19, only a partial lipid analysis was completed and when pandemic status 
is lifted we can complete the analysis by completing lipid extractions and analyzing B. impatiens’ 
lipids. In our partial lipid analysis, we found no evidence of a relationship between temperature 
treatment and lipid quantity across either species (Fig 2.6) (B. huntii n = 53, z = 0.72, df = 52, p 
= 0.46; B. vosnesenskii n = 63, z = 0.48, df = 62, p = 0.48).  Also, there was no significant 
relationship between lipid content and colony reproductive age, but there was negative trend 
associated in both species. (B. huntii z = -0.174, df = 52, r2  = -0.12, p = 0.86; B. vosnesenskii z = 
- 0.167, df = 62, r2  = -0.16, p = 0.86, Fig 2.8).  Bombus vosnesenskii and B. huntii queens with 
higher initial weight had higher lipid quantity (B. vosnesenskii t = 2.058, r2 = 0.50, p = 0.044; B. 





Figure 2.1 A - C | Survival response was different across noncommercial queens (B. 
vosnesenskii and B. huntii) versus commercial queens (B. impatiens) 
In the Kaplan Meier Curve Analysis the y-axis represents survival probability, which is the 
cumulative mortality proportion in response to duration in captive hibernation. The dotted lines 
represent median survival and two colors represent treatments (Control and FTR). Results 
showed B. huntii (A) and B. vosnesenskii (B) stored in a daily Fluctuating Temperature Regime 
(FTR) have reduced survival compared to queens stored in constant temperature control.  
Bombus impatiens (C) results showed the opposite trend. Results were significant (p < 0.05) 
across all species. Cox Fit Hazard Ratio plots show the hazard ratio (HR) value (colored box) 
and the lower and upper 95 % confidence interval (whiskers).Significance (p < 0.05) is indicated 
by *. If HR equals 1, there is no effect on survival.  Less than one indicates increased chances of 
survival, which is represented by the blue arrow.  Above one indicates less chances of survival, 
which is represented by the red arrow.    
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Figure 2.2 | Days survived by temperature regime treatment for each species   
The y axis is days survived in cold storage and x axis is treatment.  Individuals stored under a 
FTR consisting of a base temperature of 2 °C and a 1 hour pulse at 20 °C (FTR), with two 1 hour 
temperature pulses were compared with their counterparts stored under constant temperature of 2 
°C.  Treatment was significant across all species.  For B. huntii and B. vosnesenskii,  queens in 
FTR survived significantly (p <0.05) fewer days than queens in CTL.  Bombus impatiens had the 




Figure 2.3 | Relationship between survival and initial weight 
Days survived on y-axis versus initial weight prior to entering cold storage treatments. Results 
indicated initial weight was a significant positive indicator to determine overwintering survival 
in long term cold storage.  Solid blue line is the best fit line based on a linear model with a 
shaded area of 95% confidence (B. huntii p < 0.001, B. impatiens p < 0.001, B. vosnesenskii p < 
0.001). The Cox Fit Hazard Ratio output is separated by species and initial weight was 
categorized into three groups (Low, Middle, and Heavy). Low weight is the baseline reference 
represented by the dotted line.  Hazard risk value (HR) (colored box) is presented with the lower 
and upper 95% confidence boundaries (whiskers). If HR equals 1, there is no effect on 
survival. Less than one indicates increased chances of survival represented by blue arrows. 
Above one indicates less chances of survival represented by red arrows.  Significance (p < 0.05) 
is indicated with *.  
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Figure 2.4 | Relationship between initial weight and colony reproductive age 
Queens produced later in the reproductive phase of the colony cycle were smaller than those 
produced early on. Solid blue best fit line shows there is a positive linear trend with survival in 
response to initial weight with a shaded area of 95% confidence.  (B. huntii p < 0.001, B. 
impatiens p < 0.0023, B. vosnesenskii p = 0.022) 
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Figure 2.5 | Relationship between survival days and colony reproductive age 
Survival in days was negatively impacted by colony reproductive age, which reduced 
overwintering longevity.  Solid blue best fit line showed there is a positive linear trend with 
survival in response to initial weight with a shaded area of 95% confidence.  (B. huntii p < 0.001, 
B. impatiens p < 0.001, B. vosnesenskii p < 0.001).  Cox Fit Hazard Ratio output is separated by 
species and colony reproductive age was categorized into three groups (Young, Middle, and 
Late). Young is the baseline reference represented by the dotted line.  Hazard risk value (HR) 
(colored box) is presented with 95% lower and upper confidence boundaries (whiskers). If HR 
equals 1, there is no effect on survival. Less than one indicates increased chances of survival 
represented by blue arrows. Above one indicates less chances of survival represented by red 
arrows.  Significance (p < 0.05) is indicated with *. Colony categories among B. huntii (HR = 
0.2423 and B. impatiens (HR = 1.685), Late (L) emerging queens had a hazard ratio of above 
one, while B. vosnesenskii (HR = 0.458) was the opposite. 
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Figure 2.6 | Lipids in relationship to temperature treatments 
Lipids (g) post hibernation is on the y-axis versus thermal treatments. Results showed no 
significant differences of the individual lipid quantity based on treatment and treatment did not 
have an effect on lipid quantity.  Box-plots are separated into two groups: FTR and Control.  
Each point represents lipids from an individual queen.  Points outside the whiskers are outliers.  
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Figure 2.7 | Heavier queens had more lipids left over from treatment 
Lipids (g) post hibernation is on the y-axis versus initial weight (g). Results indicated there was a 
positive trend showing heavier queens have more lipids left over post hibernation compared to 
queens with lower weight.   Solid blue line is the best fit line based on a linear model with a 
shaded area of 95% confidence.   (B. huntii, r2 = 0.30, p < 0.001, B. vosnesenskii, r2 = 0.50,  p < 
0.04) 
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Figure 2.8 | There was a low lipid response to colony reproductive age  
Lipids (g) post hibernation is on the y-axis versus Colony Reproductive Age in days. Results 
indicated there was a negative trend showing earlier emerging queens have more lipids left over 
post hibernation compared to later emerging queens from older colonies (B. huntii z = -0.174, df 
= 52, r2  = -0.12, p = 0.86; B. vosnesenskii z = - 0.167, df = 62, r2  = -0.16, p = 0.86).   Solid blue 
line is the best fit line based on a linear model with a shaded area of 95% confidence.  
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Discussion: 
One of the most limiting factors in establishing native species as effective alternatives 
to honey bee pollination is optimizing commercial rearing capacity.  Key to this process for 
Bombus species is reducing mortality during the overwintering phase, which is necessary to 
ensure a supply of queens to establish new colonies. We identified intrinsic features of bumble 
bee queens associated with increased survival during overwintering, and we investigated the 
utility of using a variable thermal regime during this period.   
 Overall, our results indicated that different overwintering methods have contrasting 
responses in different Bombus species. The wild species, B. huntii, and B. vosnesenskii, have a 
higher survival outcome in CLT than in FTRs. For commercial B.impatiens CLT is more lethal, 
and periodic warm pulses during prolonged cold exposure can extend the duration of captive 
overwintering. Moreover, results revealed weight and colony reproductive age were related and 
influence overwintering survival.  We found that late-emerging queens were smaller and lighter 
compared to their early emerging sisters, which resulted in a lower overwintering 
advantage. Although survival results varied between species, the main question of FTR impacts 
on survival for Bombus depends on several underlying factors outside of temperature control. 
However, it is clear that thermal treatment alone is not the silver bullet to addressing premature 
overwintering deaths.   
 Variability in species response to FTR may reflect geographic differences in their 
ecophysiology.  Ecophysiology aims to understand an organism's limitations and processes in 
respect to their ecological niches (Ferry-Graham and Gibb, 2008 Woodard, 2017).  When we 
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consider Bombus wintering limitations are synergistically linked to their origins, it provides more 
understanding to their underlying physiological performance.  The response to FTR in captive 
overwintering may reflect the environmental conditions to which each species is adapted. 
Bombus queens that naturally live at high elevation, such as B. vosnesenskii and B. huntii, may 
be adapted to more constant temperatures in the winter, due to protection from soil temperature 
fluctuations by insulating snowpack.  Snowpack is a thermal insulator (Domine et al., 2012) and 
can prevent queens from experiencing fluctuating temperatures until late in the season. They may 
be experiencing static thermal conditions for more extended periods, and these differences in 
ecology may lead to different adaptations in thermal tolerance.  The lack of snow cover can 
produce in colder soil temperatures, which can lead to an increase in freeze/thaw cycles 
(Edwards and Cresser, 1992).  This could explain why thermal cycling treatments are not 
beneficial to wild, high elevation queens (B. huntii and B. vosnesenskii). An earlier study of 
Bombus elevational shifts showed that precipitation can be used to for forecast variations in 
Bombus populations (Herrera et al., 2018). Precipitation, especially for high elevation Bombus 
can be a suitable predictor in response to climate change (Herrera et al., 2018).  Furthermore, our 
overwintering survival response patterns of high elevation queens are in close agreement with 
patterns of thermal tolerance and recovery of bumble bees collected across 1,000m altitudinal 
gradient (B. huntii - low elevation, B. bifarius - high elevation, and B. sylvicola - high elevation) 
(Oyen et al 2016). Across species,  critical thermal maximum and minimum declined with 
altitude(Oyen et al. 2016).  The variations in thermal abilities represent the physiological 
flexibility in the bumble bee community.  In a comparative physiological study, the arctic bumble 
bees, B. alpinus and B. balteatus, had lower tolerance to heat stress in contrast to B. monticola, a 
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boreo-alpine species, which had a higher heat stress tolerance (Martinet et al., 2015).  Our results 
suggest that bumble bee geographic differences are an influential factor in thermal abilities, 
including their optimal thermal regime during artificial overwintering.   
 An alternative possibility is that the FTR treatment was too extreme for these species.  
The peak FTR temperature and application frequency may have hindered improving survivorship 
in cold storage. FTR method was based on Rinheart et al., 2016 study, where they successfully 
stored leafcutter bees for two years.  Rinehart’s FTR conditions resembled the natural conditions 
of overwintering leafcutter bees, which they overwinter in rotting wood, and plant stems above 
the ground, which are naturally exposed to fluctuate temperatures (Pitt-Singer and Cane, 2011). 
In a microclimate nest choice study with leafcutter bees, they found that nest boxes can get as 
warm as 34°C (Wilson et al., 2020). If we were to mimic the microclimate experienced by 
hibernating Bombus queens, it could lead to increased FTR survivorship. 
Outside of treatment, one of the clearest findings of our study was the importance of 
initial weight prior to entering overwintering treatments. Our results indicated that heavier 
queens have a survival advantage over lower weight queens. These results were consistent with 
the findings on Vespa affinis and Vespula vulgaris wasps, which have a similar life cycle to 
Bombus, in which initial weight was an important predictor in captive overwintering survival 
(Martin, 1993; Harris and Beggs, 1995). Further, Yoon et al., (2010) demonstrated in B.terrestris 
that initial weight could be a reliable predictor in assessing overwintering survival and related to 
the accumulation of lipids in the fat body (Holm, 1972; Beekman et al., 1998b).  Altogether, 
these results suggest that treatments aimed at increasing weight at emergence could be the target 
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for extending cold storage duration. In absence of such a treatment, heavier females should be 
prioritized for longer cold storage periods when there is a mix of cold storage duration needs.   
Fat body is a multifold tissue that fills various roles essential to energy and nutrient 
storage (Alford, 1969; Holm, 1972). Young mated queens prior to entering into hibernation 
exhibit intense feeding behavior to attain high levels of lipids and glycogen for metabolizing 
while they are in a physiological arrested state (Duchateau and Velthius, 1988). Collectively, 
overwintering studies show survival is dependent on the intensive growth of fat body and 
reserves accumulated must be significant to survive long periods of dormancy (Fliszkiewicz and 
Zdzisaw, 2007; Alford, 1969; Haunerland and Shirk, 1995). Our lipid results show that heavier 
queens had more lipid leftover compared to small queens after overwintering.   
We predicted that lipid quantity would decrease in response to FTR, because it is more 
costly metabolically than a static temperature regime (Tornson et al., 2015). Our results showed 
that there were no significant differences in lipid quantity due to treatment in either species. A 
possible explanation could be that some queens may not have been physiologically prepared to 
enter the overwintering treatments. The dormancy-like state Bombus queens enter prior to and 
during diapause, which is a suppressed metabolism state and enhanced stress tolerance 
(Denlinger, 2002;  Danks, 1987), may not have been initiated.  Variability in diapause status 
would reflect inconsistency on status of physiological mechanistic conditions, especially in lipid 
utilization and metabolic rates.  Before and during diapause, fat body physiology changes in 
content and composition are connected to hibernation (Vesterlund et al., 2014; Votavová et al., 
2015; Alford, 1964). When diapause is activated, these physiological changes are clearly of great 
importance in order to meet their energy needs while in hibernation (Vesterlund et al., 2014; 
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Votavová et al., 2015; Alford, 1964).  There is supporting evidence that suggest there is lipid 
structural remodeling that takes place to protect essential cellular functions and integrity of 
proteins from cold stress such as lipidomic alterations, lipid composition, class, fatty acid 
structure, and functionality (Kostál, 2010; Hanh and Denlinger, 2007).  Failure to achieve the 
physiological alternations that provide additional protection to extended cold exposures, would 
account for the lack in differences in lipid response to treatment.   
Although ecological traits, initial weight, and lipids are important factors for 
overwintering success, we found evidence that colony traits play a part in overwintering survival. 
Our study showed that older colonies produce smaller queens that are less likely to survive 
overwintering in captivity, across our three study species. A possible explanation for this is that 
when reproductives are produced, the foundress queen ceases worker production (Van der Blom, 
1986; Duchateau and Velthius, 1988; Goulson, 2010). As the worker force diminishes due to 
short-lived workers' mortality, so does the ability to bring in food reserves and maintain brood 
care interactions (Heinrich, 2004). With fewer foragers, a colony lowers its capacity to support 
new queens. Thus, a queen emerging late during the colony's reproductive phase will be less fit 
than one emerging in a colony with ample workers (Pomeroy and Plowright, 1982; Heinrich, 
2004). Treanore et al., (2020) demonstrated that as B. impatiens colonies age, worker size 
increases, which increases their cold tolerance; however toward the ending of the colony phase, 
worker size begins to decline again. With decreasing size comes decreased capacity for lipid 
content, which results in decreased cold tolerance. My results are aligned with Treanore’s results 
regarding worker’s physiological shifts towards the end of a colony phase. In light of these 
results we can draw a more comprehensive picture that initial weight and queen emergence date 
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are factors to consider when determining an effective overwintering regime. Although our 
measure of colony age only captured how long the colony had been producing queens, other 
estimates of colony age could address this more directly. For example, measuring the size of the 
worker force that is available to tend developing queens could give us further insight into how 
colony age affects overwintering queen survival.    
 To conclude, captive Bombus rearing faces a variety of challenges, including 
understanding the physiological variations and limitations among Bombus species and individual 
queen characteristics that can emerge from seasonal colony characteristics. FTR strategy may 
hold promise for some species, yet may not be a universal solution to captive rearing across all 
Bombus.  Further investigation of the link between elevation and other ecophysiological factors 
with tolerance to fluctuating temperatures during cold storage, and adjustments of temperatures 
used in FTR is required to make further recommendations regarding temperature regime. In this 
regard, our research raises more questions about FTR on Bombus survival, especially when 
considering their ecophysiological traits and climatic origins.  A more universal consideration is 
body size and timing of queen production within the colony cycle. Extending cold storage 
periods for large queens produced near the start of the colony reproductive phase is likely to be 
most effective.  Practically, these results could be applied to determine minimum cut off weights 
for queens entering long term storage in rearing facilities.  Whether lighter queens can produce 
viable colonies after a short hibernation of by skipping diapause altogether is an area that 
deserves further study. 
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CHAPTER THREE 
SUMMARY AND CONCLUSION 
 In this thesis, we examined if FTR would decrease captive overwintering mortality in B. 
huntii, B. impatiens, and B. vosnesenskii.   We used a comparative approach between traditional 
thermal regimes (CLT) versus FTR.  We found that commercial B.impatiens improved 
overwintering survival following exposure to FTR, but noncommercial species queens did not.  
Additional observations were also made showing that the individual queen's characteristics 
(initial weight, size, emergence) and colony’s senescence can be used to determine captive 
overwintering survivability. These results suggest there is a physiological overwintering 
advantage in survival for early emerging queens compared to later emerged queens. Furthermore, 
the implementation of novel Bombus overwintering methods (FTR) yielded variable survival 
outcome based on species and climatic origins, which indicates standardizing Bombus captive 
hibernation could be difficult to achieve.  
  Thus, our results bring more insights to Bombus queen captive hibernation as well as a 
reevaluation of traditional overwintering methodologies and its efficacy.  By exploring various 
untraditional Bombus overwintering strategies, it has the potential to benefit not only the 
agricultural industry, but also organizations dedicated to prorogation and reintroduction efforts of 
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Appendix B | Pollen Preparation Recipe (Not Published)
